ABSTRACT: X-ray tomographic images were collected for polydimethylsiloxane (PDMS) foam material under various levels of compression. The goal was to implement a systematic analysis method of correlating some aspect of these images to the cell morphology in order to enhance understanding of the material characteristics. X-ray attenuation of the cellular PDMS was clearly observed to increase with the specimen density as the foam material was mechanically compressed. The stochastic data derived from the digital images was used to calculate macroscopic mechanical properties at each foam compression.
INTRODUCTION
T he permeation characteristics of a polymer foam are being studied for determination of gas permeation constants and tortuosity changes as the polymer undergoes compression. The cell geometry affects the responses of the foam when in use under compressive loads, and also gas permeation properties. A knowledge of foam variables, which includes density, porosity, cell geometry, and gas phase composition, enables one to model the material and its properties. The current study investigated x-ray tomography as a method for obtaining visual images of the polymer at different stages of compression. It then applied the interaction of soft x-ray photons (20 keV) with the PDMS electronic structure to quantify foam features. This unusual polymer comprises Si, O, C, and H atoms, which have mass attenuation coefficients that render good contrast, and therefore a great deal of information. Amorphous carbon-based polymers are relatively transparent to this mode of x-ray examination and require crystalline structure in order for x-ray diffraction patterns to be discerned. The cellular PDMS in this study has an amorphous microstructure and a foam macrostructure. Therefore x-rays that scatter from the solid phase of this material will be detected in proportion to the mass of polymer present, in contrast to void space. Furthermore, the elemental attenuation of x-rays by the polymer matrix provides quantitative information about the foam content and compression.
MATERIAL
The specimen was a cellular poly(dimethyl siloxane) or PDMS. The foam morphology is open-cell with a nominal density of 0.615 g/cm 3 . Polydimethyl siloxanes ([-Si(CH 3 ) 2 O-] n ) are substituted siloxane chains, with the formula:
This polysiloxane type contains methyl groups, but even with more bulky R groups, the siloxane chain remains relatively flexible. This dynamic flexibility arises from the relatively long Si-O bond length, 1.6 4 A (vs. the C-C bond, 1.53 A), which reduces steric interference and 232 ROSANNE A. SMITH ET AL.
This polymer contains silica filler and is crosslinked during the foaming process.
The rectangular specimen, of dimensions 1.5-inch length, 0.5-inch width, and 0.3-inch height, was cut from a 0.3-inch thickness foam slab. The specimen was held in an acrylic holder of internal dimensions measuring 1.5 inch (length) × 0.5 inch (width) × 0.5 inch (height) and 0.1-inch wall thickness. Shims of this same material were used to compress the specimen, having various thicknesses required in order to obtain compressions of 10%, 20%, 30%, 40%, 50%, and 60%. Three-dimensional images were built at each of these compressive states by obtaining two-dimensional slices of 70 nm resolution. For each compressive level, some 200 data slices were collected from each of the x, y, and z planes, thus requiring 600 sets of data for each compression (4200 total sets of 2-D data). The PDMS foam cells were approximately 0.65-0.70 mm in diameter with open faces, as seen in the optical micrograph ( Figure 1 ). This material is easily compressed; the cell walls fold into one another as force is applied.
Uniaxial compression is affected by insertion of increasingly wide shims into the sample holder, thereby decreasing the length of the holder, up to 60% in 10% increments. Even with this decrease in volume, the specimen volume does not decrease proportionally, but only by 45% at the maximum compression of 60%. The decrease in material porosity is determined by calculating the new density at each compression, since (1) where the polymer mass (m polymer ) is constant, and a new polymer foam volume V can be calculated for each compressive state. Table 1 is a summary of the specimen dimensions, volume and porosity, where the porosity is a dimensionless quantity defined as the ratio of void volume to the porous specimen volume [1, 4] , where (2)
EXPERIMENTAL
Computed x-ray tomography is a method used in the fields of medicine, biology, and geology, due to its noninvasive and nondestructive capability to obtain two-dimensional and three-dimensional images of complex structures. The Oak Ridge National Laboratory (ORNL) Microcomputer Assisted Tomography (MicroCAT) system, which performs three-dimensional x-ray tomography, was used to examine the foam structure. The MicroCAT, developed for imaging mice and other biological entities, used a 40 kVp x-ray source from a 75 W tungsten anode source and a MedOptics Phospor screen/C*CD array detector. The x-ray energy has been experimentally determined to be 20 keV as filtered with an aluminum sheet of 0.5 mm thickness. The system was controlled using Windows NT.
This method reconstructs x-ray detector signals from various paths through the specimen, comparing them to the initial beam intensity. For each incident beam I o , passing through a sample of thickness x, an outgoing beam I 1 has been attenuated by the quantity µ x , where µ is the linear attenuation coefficient, or energy absorption amount for the atoms contained in that thin layer ∆x. Integrating over the entire x distance, each path generates an unknown value of µ:
The detectors are located in a circular array around the specimen; using rotation and translational motion along a z-axis, each point in the specimen is x-rayed across several paths. A large matrix of intensity equations is then solved for unknown values of µ, using a reconstruction algorithm. This provides linear attenuation coefficient values that correspond with specific elements and their spatial locations in the specimen. Consecutive slices of 35 µm resolution slices are collected, resulting in a 3-D image that maps the set of x-ray linear coefficients.
DATA COLLECTION AND ANALYSIS

Grayscale Images
Scion Image software is capable of generating a profile plot of the grayscale intensity of the image across a plane of the specimen. It was noted that the overall intensity range correlates with the degree of compression; for example, the uncompressed specimen of void volume 0.483 has an average 200 points between the highest and lowest level of brightness of the image. This can be compared with the most compressed foam (60%), which has a void volume of 0.063. In this case, the difference in brightness range is only about 60, and the minimum brightness never goes below 98. This large grayscale value is indicative of continuous polymer density across the entire image. In contrast, the uncompressed specimen renders grayscale values of zero in several places, thereby locating open voids. No attenuation occurs where there is no polymer matrix material.
The foam characterization methods described by Kampf [7] were developed by Delesse, and later carried forward by Rhodes and Khaykin [8] . These use stereology to project two-dimensional feature information into a three-dimensional space. As described earlier, one can imagine a cube cut from the specimen and a grid superimposed upon a bisecting plane (see Figure 2 ). The area bounded by "irregular" volume domains is the 2-D projection of the 3-D void volume. In a similar fashion, one-dimensional line sections are found to be proportional to the volume fraction of features. In this case, the fraction of line located on the void can be shown to estimate the area and volume of the void phase where: (4) and L i , A i , and V i represent the lineal fraction, the areal fraction, and the volume fraction of the void space, respectively [7] . This correlation
carries even further to P i , the fraction of points located in phase i, as measured on a grid of points P. In this study, the grayscale indication quantifies the relative area of voids across a selected specimen cross-sectional area. Because image resolution is not small enough to characterize single cells or walls, a stochastic approach will be taken by correlating the grayscale to the CT numbers (see next section). These are the raw data collected by the detector and are a direct measure of the x-ray interaction with the material. From a stochastic standpoint, this is the probability of finding polymer material at a certain location in three-dimensional space.
CT Numbers
By converting the grayscale values to CT numbers, the x-ray interaction with the specimen can be quantified. The CT number, an accepted standard in biological applications, is reported in Hounsfield Units (HU) and is an indicator of the specimen's electron density. One of the specific sets of CT numbers has a scale from -1000 HU for air to +1000 HU for bone; water equals zero [10] . The scale is based upon the linear x-ray coefficient value, µ, of the specimen as compared with that of water, µ H 2 O :
X-Ray Computed Tomography on a Cellular Polysiloxane 237 Figure 2 . Example volume containing a dispersed void phase, the content of which can be determined by cross-sectional lengths shown (from Reference [7] ). (5) where µ is the linear x-ray attenuation coefficient of the material as a function of x-ray energy. For this work, the raw attenuation data was initially converted to CT numbers. At an x-ray energy of 20 keV, µ H2O = 0.8096 cm -1 , whereas at 22.5 keV, µ H2O = 0.7 cm -1 . The need for the latter calculation will be explained in the next section.
CT numbers obtained from specimen center slices of area 64 pixels × 64 pixels were plotted as a function of pixel number across the width of the specimen. Figure 3 shows plots obtained for 0%, 30%, and 60% compressions matched to a cross-sectional image for each. The fluctuation in CT number, as a result of void depth, matches to that of the grayscale data. The range between high and low CT numbers is large in the case of the uncompressed sample; the average CT number is smaller in this situation than in any other compressive state. This indicates that the x-ray interaction with silicon atoms is at its minimum since less surface area (larger cell void space) is available for scattering. Figure 4 shows CT number value averages at each compression.
X-Ray Mass Attenuation Coefficients
At the highest compression, the CT curve appears to approach a limiting value, which one might assume is the CT number for nonfoam PDMS. In order to determine the limiting value of the CT number, it is necessary to obtain the mass attenuation coefficient from the literature. From the NIST reference, one can find the µ/ρ for elemental silicon, oxygen, carbon, and hydrogen at an x-ray energy of 20 keV. Based upon the relative masses of each element present in the polydimethylsiloxane polymer (which contains 25% of a silica filler), a nonfoam or resin µ/ρ value can be obtained: (6) One then uses the density value of 1.19 g/cm 3 [2] in order to determine the µ value for the PDMS nonfoam material. The limiting CT number is then determined by substitution into Equation (5) .
Alternatively, the CT data can be transformed into the form more familiar to materials scientists and engineers by using Equation (3) to determine µ, then dividing by the specimen density, ρ, to
CT number Figure 3 . At left: x-ray images of 0%, 30%, and 60% compressed foam specimens across midsection. At right: respective grayscale variation plots of average CT number as a function of pixel number. Specimen width of 1.27 cm equates to 128 pixels. Note that grayscale plots include data for specimen only, and not the specimen holder (seen as a u-shape in the x-ray images.
obtain the mass attenuation coefficient, µ/ρ. Data was obtained from the National Institute of Standards and Technology Web site http://physics.nist.gov/PhysRefData/XrayMassCoef/ where NISTIR 5632 lists elemental x-ray attenuation coefficients for x-ray energies of range 10 -3 to 10 2 MeV [6] . Based upon calculations of the polydimethylsiloxane specimen constituents, the elemental content is calculated to be 38.5 wt% Si, 28.7 wt% O, 26.6 wt% C, and 6.2 wt% H. Using these elemental weight fractions, one applies the formula (µ/ρ)
H with the attenuation coefficients for 20 keV photon energy to calculate that µ/ρ = 2.1 cm 2 /g for the polymer itself. These numbers assume a homogeneous specimen, such as a polymer resin with no void spaces.
The average experimental CT numbers are converted to x-ray attenuation measurements as expressed in Equation (3). This data, based upon the 20 keV x-ray energy source, is presented in Table 2 , as a function of specimen location and compression. The maximum attenuation coefficient would be attained for the resin form of the polymer; this theoretical value has been included. As one would expect, the increasingly compressed cellular polymer has a µ/ρ approaching that of the resin.
It was further determined that the absorption of lower energy x-rays by the specimen required recalculation of the average attenuation coefficients. The average mass attenuation coefficients are now extrapolated to a 22.5 keV photon energy, and the results shown as the final column in Table 3 , a summary of compression-related foam characteristics. Figure 5 plots relative density and mass attenuation coefficient behavior as the cellular PDMS is compressed, and porosity of the foam is reduced. Although these features trend in a similar manner, the relative density data (left-hand y-axis) appears to exceed the expected value (ρ*/ ρ =1) by 10%. The x-ray attenuation coefficient (right-hand y-axis) experimentally falls about 8% short of its calculated value of 1.769 cm 2 /g. There are plans to compile x-ray attenuation data from a resin specimen.
APPLICATION OF DATA TO MECHANICAL PROPERTY DETERMINATIONS
Polymeric foams offer mechanical advantages, because of their light weight and wide range of properties, particularly their density, modulus, and compressive strength [5] . These attributes are prescribed by the matrix polymer in combination with the cellular geometric structure. Recognizing that the compressions obtained in the current study require a certain loading level, the data obtained was used further in mechanical calculations. Compression of a foam is described by the polymer modulus, E, foam modulus, E f , compressive strain, ε, and a dimensionless function of strain that describes strut buckling, Ψ(ε). The compressive stress σ is expressed as (7) E f has a dependency on cellular structure related to E and to the fraction of polymer, ϕ, residing in the foam. (It should be noted that the term ϕ is equivalent to the relative density, ρ*/ρ, as described by Gibson and Ashby [5] .) For sphere-shaped cells, (8) It is appropriate that E f approach E as ϕ goes to 1. The value of E for this particular PDMS polymer is given as 275 psi [3] and an empirical value for flexible polyurethane foams will be used, which allows a strut buckling factor Ψ(ε) ≅ ϕ 0.28 [9] .
Applying these relationships and above data to the PDMS cellular polymer, Table 4 summarizes calculations made in order to obtain the foam modulus, stress, and compressive load at each compression. It would be fruitful to improve the strut buckling factor assumption, as one would expect polydimethylsiloxane to behave differently from flexible polyurethane. Figure 6 shows the result of plotting the compressive stress (load per area) against the compressive strain; only two of the deformation regions described by Gibson and Ashby [5] can be observed in this case-the elastic buckling region and the densification region. The absence of a linear bending region may be due to the stepwise and static nature of these compressions whereas typical loading tests are dynamic. Another conclusion is that cell wall bending is the primary Dr. Paulus' research interests include high-resolution x-ray CT and SPECT instrumentation and software for laboratory animal research, novel semiconductor detector development, analog integrated circuit design, and nuclear spectroscopy. He and his research group are currently developing a first-of-its-kind high-resolution three-dimensional dual-modality microSPECT/CT imaging system.
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